INTRODUCTION
DUPLICATION of genetic material has long been regarded as a fruitful source of raw material for evolution (Haldane, 1932; Bridges, 1935) . Stephens (1951) , in reviewing its possible significance, felt that, to demonstrate its importance, the existence of loci of duplicate origin performing different functions must be proved. This, he suggested, required that they meet three criteria: there must be at least two distinct loci involved; their origin from one other locus or region of the genetic material must be established; and they must be shown to have different functions. These requirements are particularly stringent (for example, the second cannot be proved a posteriori, but can only be treated probabilistically) and it is perhaps not surprising that Stephens felt that there was no observed case satisfying all three.
However, recently it has been shown, on the one hand, that there are long repeated sequences in the DNA of higher organisms, considered by some to be attributable to common origins, i.e. duplication, and on the other hand that some proteins are made up of very similar subunits produced by different genes (Ingram, 1961; Smithies, 1962) . Furthermore, Kimura (1 968a, b) has made calculations which suggest that there may be very high rates of neutral mutation of the base-pair replacement type and hence of basepair substitution, so that duplication may be more important than previously thought in making substantial changes unlikely to be neutral. It may be that Kimura's arguments overstate these mutation rates, but even so, it is clear that one can now consider whether there are duplications fulfilling
Stephens's requirements for a demonstration of their evolutionary significance.
But more important, perhaps, are the consequences of the model of genic regulation in higher organisms advanced by Britten and Davidson (1969) . They suggest that "batteries" of" producer" (structural) genes are regulated by "activator" RNA synthesised on "integrator" genes, whose effect is"to induce transcription of many producer genes in response to a single molecular event ". Since the evolutionary consequences of this model are evidently different from those of the model of evolution by repeated duplication proposed by Nei (1969) , and this in turn differs from that of Watts and Watts (1968) , there is perhaps merit in a further reexamination of the role of duplication in evolution.
THE ACTION OF SELECTION ON DUPLICATIONS
Gene duplication can occur in at least three ways: by unequal crossingover, by regional redundant duplication and by polyploidy (Ohno, Muramoto, Klein and Atkin, 1969) . Here, we are in general concerned with the first two kinds. It is difficult to postulate simple, convincing cytological 543 0. MAYO models for the occurrence of a primary duplication (Watts and Watts, 1968), particularly with the restriction that the duplication should be interstitial (see e.g. Whitehouse, 1965) . However, this partly supposes that the meio tic and mitotic mechanisms have always been as they are now, whereas some duplications may be very old (Ohno et al., 1969) and the cytological mechanisms must have also evolved. Watts and Watts (1968) have emphasised that structural homology, possessed at most sites by allelomorphs, is not necessarily the same as locational homology, required for proper pairing. Thus, they ask of a region of genetic material, "what percentage of the base pairs can be different without lowering the degree of homology so far as to interfere with the capacity for crossing-over?" They point out that the and fi haemoglobin chains have 146 amino acid residues and differ in a minimum of 255 per cent. of base pairs, ignoring redundancy, and there are thus three long regions where they can be completely homologous, and this is where the cross-overs in known Lepore haemoglobins occur (Baglioni, 1968) . This is mentioned here, rather than in the next section, since it suggests a possible selective mechanism acting by means of mutations which may be occurring very frequently (Kimura, I 968a, b, 1969) . Thus, two duplicate loci which had accumulated a number of random, nearly neutral mutations would be less likely after unequal crossing-over to make a functional product than would two nearly identical duplicate loci, like the Hb and Hb loci. Thus, the accumulation of nearly neutral mutations might restrict the frequency of unequal crossing-over.
However, Watts and Watts (1968) emphasise that "mechanisms which protected organisms from drift towards a randomisation of synonymous codons would have developed during evolution ", even though, as they add, a single mutation of a codon to a synonym cannot be selected at the level of its product, and many non-synonymous mutations appear to have little effect in heterozygotes; and they conclude that lessening of homology between alleles will be directly or indirectly disadvantageous. A suggestion of non-randomness comes from Kimura (1 968b), who has calculated the expected proportions of various amino acids in the proteins of vertebrates, assuming among other things complete randomness of synonyms, and has found that there is not very good agreement with observed values. Of course, such calculations are as yet inaccurate, other aspects of the selection acting on chromosomal abnormalities can be quantified more precisely.
A duplication is a repeated sequence of genetic material, not necessarily found contiguous to the sequence from which it arose, nor even in the same chromosome. Watts and Watts (1968) have considered the cytological mechanisms whereby it may arise. If in the same chromosome and contiguous to its parent sequence, it may be in the same order as its parent (tandem repeat (Bridges, 1935) ) or reversed. These different positions may be of immediate genetical significance but phenotypic changes associated purely with structural alteration are in general unstable (Lewis, 1950) , so they can be ignored, though they may be important in Britten and Davidson's (1969) theory; this is not clear. The fact that an inversion suppresses crossing-over may, however, be important. Metz (1947) has suggested that there are three criteria for a duplication to be important in evolution: it must be small, beneficial and sufficiently stable to persist. Since duplications arise by unequal crossing-over (cf. Catcheside, 1947) , approximate reversions can readily occur for tandem repeats, and Metz pointed out that reverse repeats were more commonly found in natural populations.
If a duplication has an advantage, this may be one of a variety of kinds: it may produce more of a given product, or products, depending on how many functional loci it contains, and this may lead to epistasis; it may allow evolution of a new gene product, since the parent gene can produce the original product; or it may produce a position effect. The first two kinds of advantage can readily lead to fixation of the material or, on occasion, to polymorphism.
In some ways, then, a duplication is very similar to an inversion. Indeed, it may well be an inversion, though this is not true for several cases of interest, as discussed below. Haldane (1957) and Kojima (Nei, Kojima and Schaffer, 1964; Kojima, 1967; Ohta and Kojima, 1968) have presented conditions for the generation and maintenance of inversion polymorphisms, which will be applicable to any region, containing at least one locus which is not undergoing much recombination.
Kojima (Nei et al., 1967) has shown, by arguments which follow closely those of Fisher (1930) for a single locus, that if such a region contained many dominant favourable alleles, it could increase very rapidly in frequency if these were initially rare. In general, such obviously favourable conditions are unlikely to be met.
For an infinite population, Ohta and Kojima (1968) have established the criterion for ultimate extinction of an inversion to be fl C < cc when C is the mean number of inversion heterozygote progeny per inversion heterozygote at generation t after the occurrence of the inversion. More simply, this is essentially saying that the mean number of inversion heterozygote progeny per inversion heterozygote over all generations must be less than one, as for any Galton-Watson process (Feller, 1957, p. 276) . The same condition will apply to any other chromosomal aberration. Ohta and Kojima further derive the ultimate survival probability of an inversion, which carries a unique advantage, since, from the argument above, any chromosomal segment not having such an advantage will be lost. As expected, the results are essentially comparable with those for a single locus (Fisher, 1930) , e.g. if a single gene has an additive advantage s in the heterozygote, its ultimate survival probability (chance of fixation) is s. Ignoring complications from unequal crossing-over, these results may be applied to duplications. Spofford (1969) has indeed elegantly presented the appropriate calculations for the process of incorporation of duplications into a population, using, as one would expect, the ordinary methods of population genetics. A number of assumptions were made in her model which may not always hold. For example, that the duplicated region is a complete cistron. As will be discussed further below, this is a reasonable assumption, but detracts from the generality of her results, though in a conservative way. She has shown that "single iocus heterosis is sufficient for the incorporation of a newly arisen duplication into a species ", such heterosis assumed to arise "from the formation of heterodimers between polypeptides specified by alleles ". (See Schwartz and Laughner (1969) for a possible example of such heterosis, in the alcohol dehydrogenase isozyme polymorphism in maize.) 0. MAYO With Spofford's extensive demonstration in mind, then, one can consider, in a very simple way, the number of newly arising duplications which are absorbed into a population. Spofford has accepted that an initial advantage is almost essential for the absorption of a new duplication, but the importance of the advantage depends on the frequency with which the duplications occur: this is because neutral mutants are fixed at approximately the same rate as they occur (Kimura, 1 968a) .
Accordingly, suppose that these are n sites at which a duplication can occur, which for a duplication to be neutral or advantageous may well be of the order of the number of cistrons in the genome, since duplications starting or ending within a cistron appear likely to be deleterious (though this need not be the case; see section 3). The proportion of zygotes carrying a new duplication each generation will be p1 = 1 -(1 _p)2fl, where .t is the rate, per possible site, of occurrence of new duplication. Now let the chance of a duplication being fixed be p2. For a neutral mutant gene Fisher (1930) has shownp2 = inapopu1ation of size X, and if the mutant has selective advantage s, p2 = 1 -4Ns
(it is assumed that new duplications act like mutant genes). For any individual, the chance that it has a duplication which is fixed is p1p2. The chance of at least one duplication being fixed per generation is thus P = 1 -P0, P0 = (1 _p1p2)N. From a
Poisson distribution with P0 e-m, the mean number, m of new duplications fixed per generation can be calculated. Some results are shown in table 1. This argument clearly neglects many important factors, but it does indicate that, even assuming duplications to be very rare events, their rates of incorporation are not negligible.
Once a duplication is established, further change depends on its nature.
If it is translocated or inverted, reversion or other change by unequal crossing-over is unlikely, but mutation, followed by natural selection and drift, will allow separate evolution of the two units. If it is a tandem repeat, however, reversion and multiplication can occur by unequal but homologous crossing-over (Sturtevant, 1925; Metz, 1957; Smithies, 1964) . Sturtevant (1925) observed, at the Bar locus, 8 out of 20,439 changes from B to "double Bar ". This duplication is quite a substantial one (Bridges, 1935) , and it seems reasonable that the chance of unequal crossing-over rises with the length of the duplication. Accordingly, one can say that a very high frequency of unequal crossing-over is unlikely to be more than a few per cent.
Ignoring mutation, one can derive approximate frequencies for reversion as follows. Suppose A to be the original "allele" and A' the duplication, with a rate of r of unequal crossing over in A'A' to give A and A". Then assuming that A" is not advantageous compared with A, and with these fitnesses:
A'A' then its frequency will be approximately -!-..
2s
These results, of course, apply only in an infinite population, and in the case where triplications, etc., which are produced whenever revertants occur, are not lethal (a possible example is pig plasma aryl esterase (Lush, 1966) : see next section) the situation will be more complex. In a population of size 500, with the techniques of genetical simulation of Mayo (1967) , the results in table 2 were obtained.
As indicated in table 2, models were used both with triplications, etc., lethal and without, in the latter case having fitnesses symmetrical about the peak genotype, 2/2, where 1 was one dose, 2 two and so on.
Clearly, as one expects, the frequencies of 1, 3, etc., are low unless the selection against them is very weak or the frequency of homologous, unequal crossing-over is very high. Haldane (1957) showed that, for stability of a chromosome polymorphism, heterozygotes at any locus concerned in the genetical polymorphism should have greater effect when other such loci are heterozygous than when they are homozygous. However, for an inversion containing a sex-determining mechanism, only one advantageous gene is needed, which, Haldane felt, accounted " for the fact that structural polymorphism is much more commoner in sex-determining chromosome than in autosomes ". However, some of this polymorphism may be associated with peculiarities in the evolution of the sex chromosomes, which may have evolved heterogamy as a mechanism for sex determination, and with the fact that complete synapsis In developing their model of regulation, Britten and Davidson (1969) emphasised very strongly that " the likelihood of utilisation of new DNA for regulation is. . . far greater than the likelihood of invention of a new and useful amino acid sequence (following a saltatory mtation)", essentially since an integrated system would require too many coincident events. But in the case of the duplication of an existing structural gene, this means that the new gene will not be functional, particularly in view of the further requirement of Britten and Davidson that there be a receptor gene, which will activate the producer, contiguous with the producer. (This is not so for the case of duplication of a complete chromosome or genome.) Thus, if Britten's model is correct, the views elaborated above about selection of duplications may require extensive modification.
THE RESULTS OF DUPLICATION
It may well be rare for an enzyme to be a monomer (Zimmerman and Gundelach, 1969) and several have been found to be made up of multiples of two polypeptide chains (Lush, 1966) . The finding that these chains can be very similar, but are evidently produced by different gene loci, has led to the suggestion that these particular loci have arisen by duplication (Ingram, 1961; Smithies, 1962; Lush, 1966) . Lush (1966) refers to about ten such cases among eighty or more polymorphisms discussed in vertebrates other than man, including that of the enzyme plasma aryl esterase in the pig, where the alleles appear to be zero, one, two, three or four doses of a basic gene. However, the two proteins most closely examined are haptoglobin (Smithies, 1962 (Smithies, , 1964 and haemoglobin (Ingram, 1961; Nance, 1963) .
Haptoglobin is a plasma protein with the ability to bind haemoglobin, so it is particularly important, for example, in haemolytic disease (e.g. Fraser, Steinberg, Defaranas, Mayo, Stamatoyannopoulos and Motulsky, 1969) . There are three common alleles at the locus determining its c-chain, Hp1F, Hp'S and Hp2, and Smithies (1962, 1964) suggested that alpha polypeptide Izp2 (determined by Hp2) was produced by a partial gene duplication, arising from a unique unequal cross-over in an Hp'P/Hp'S heterozygote, since the sequence of amino acids in the hplc.t polypeptide occurred essentially twice in the hp2x polypeptide which was almost twice as long as the other. Additionally, Haptoglobin Johnson, produced by Hp2", appeared to be a triplication, and prediction of the properties of products of unequal crossing-over appeared to be confirmed (Smithies, 1964) . Smithies (1964) pointed out that one of the reactions occurring in the degradation of haemoglobin to biliverdin had been shown to occur more rapidly when the haemoglobin was bound to haptoglobin from Hp2/Hp2 than from the other genotypes (Nakajima, Takemura, Nakajima and Yamaoka, 1963) , which might provide a basis for selection for the allele Hp2. He then suggested, following Nance (1963) , that this would never lead to fixation of Hp2, because Hp' would continually be found by unequal but homologous crossing-over. However, Hp' has frequencies as high as O•7 in regions of South America where haemolytic disease is not very frequent (Neel, Salzano, Junqueira, Keiter and Maybury-Lewis, 1964) , even though it is regarded as only being at an advantage, from its greater haemoglobinbinding ability, when such disease is frequent (Baxi and Camoens, 1969) . Workman (1968) has presented evidence that there is selection against Hp', particularly Hp's', in Negroes in the U.S.A.; the frequency of this allele was high originally, it has been proposed, since it improved survival chances in haemolytic disease arising from the polymorphisms conferring protection against malaria (Allison, 1964) .
Even considering Hp2 frequencies as high as O6-08 in other populations (Workman, 1968; Baxi and Camoens, 1969) it is clear that there is no equilibrium between selection for Hp2 and recombination yielding Hp', since, from the approximate relations q = or q = , widely varying r and s values would be needed in different populations, and in general r would probably not be high enough to cope with anything but very weak selection. A combination of various selective forces, observed or possibly not yet detected, seems a more likely explanation of the polymorphism. Smithies (1962 Smithies ( , 1969 has emphasised the way that partial gene duplication can lead to production of a continuous, uninterrupted polypeptide covering the beginning of the duplication, so that it is distinct from the original polypeptide immediately, enabling the bypass of the possibly very slow process of random mutation followed by selection of mutant types. However, in the case of haemoglobin, Ingram (1961) has emphasised that at least two complete duplications, and possibly a third, have occurred, to produce the , fi, v and 3 chains, since these are all about the same length (140 amino acid residues) and differ, for example in man, from one another in about 10 to 50. Postulates required to explain the present nature of haemoglobin are as follows: as already mentioned, there have been several duplications, followed or accompanied by translocation (so that the 8 and 3
loci are linked, but the others are independent); when the chains form a Nance (1963) , in considering the evolution of the haemoglobins, pointed to the possibility that, by example chance loss of an inversion, a duplication could become unstable, if it was still a tandem repeat, so that, perhaps, the "high frequency of thalassemia in certain populations may not invariably result from peculiarities in the environment ". However, since thalassaemia is now known to be caused by complete or partial inactivation of the synthesis of the cc-or fl-chain, rather than by a incorrectly coded chain (Weatherall, 1969) , this suggestion is clearly incorrect. Furthermore, he suggested that, for the sick cell trait, HbflApS "alleles" could have arisen on a single chromosome by unequal crossing-over, giving the protection against malaria enjoyed by the HbflA/HbflS heterozygote without the possibility of forming lethal HbflS/HbflS zygotes. Thus if the frequency of the sickle cell trait (heterozygote) is x at birth, the frequency of sickle cell anaemia at birth is (l-\/l-2x)2 much less than . This, he said, was the case, but Allison (1964) , in disagreeing, pointed to later work showing agreement with expectation and also to the absence of Hb-A from many cases of Hb-A from many cases of HbflS/Hbflc. However, there does seem to be agreement that some unequal crossing over does occur.
4. Dcscussioi'.c Nance (1963) has extended the potentiality of the breakdown of duplication to provide "an attractive supplement to selection genetic drift and inbreeding as possible explanations for the extraordinary frequency of the genes for kuru among the Fore. . ., for amyotrophic lateral sclerosis among the Chamorros . . ., for albinism among the Cuna Indians, and perhaps even for the prevalence of diabetes and cystic fibrosis among Caucasians ". This is certainly an extreme use of the concept of duplication (for example, kuru is no longer thought to be genetically determined (e.g. Rogers, Barsnight, Gibbs and Gajdusek, 1967) ), but it is clear that the role of duplication in evolution is not simply to provide raw material for evolution. CQnsidering evolution as the accumulation of information (Kimura, 1961) , duplication offers a number of ways of increasing the rate of the process. It can lead immediately to new gene products (Smithies, 1964) ; it can allow changes at one locus while a still advantageous point is made at the other (Ingram, 1961) ; it can increase the rate of production of particular products and their polymers (Hopkinson, Spencer and Harris, 1964; Smithies, 1964) ; and it can probably alter dominance relationships without the intervention of selection (Zimmerman and Gundelach, 1968). This assumes that duplications have occurred, since the chance of two very similar polypeptides arising independently is particularly low (Smithies, 1964) , though such convergence could occur, and duplication provides the best explanation of such observations. Thus it may be said that, in so far as they can be met a posleriori, Stephens's (1951) criteria for the demonstration of the occurrence of duplication of evolutionary importance have been met. However, the initial, unique occurrence of a small duplication by unequal crossing-over is a problem, first, because it is extremely unlikely, given the nature of the process of recombination, which is not perfectly understood, and secondly because, as noted above, a regulatory mechanism of the kind proposed by Britten and Davidson (1969) implies that such duplications will be at a disadvantage, since they will be essentially nonfunctional, and yet will behave irregularly at meiosis. On the other hand, as Spofford (1969) has demonstrated, the process of incorporation is straightforward if an uncomplicated cistronic duplication confers an advantage equivalent to that of the heterozygote in a selectivity balanced polymorphism. Furthermore, if the frequency with which duplications occur is of the order of 10 or 10-8, then a reasonable assumption about the number of such sites (108, cf. Kimura's (1968) estimate of at least 108 loci in mammals) suggests that the rate of incorporation will not be negligibly low (see table I ). Indeed, Nei (1969) has suggested that gene duplication must have occurred frequently, mainly by genome or chromosome doubling, and that this will lead to the presence of" many duplicate genes which have similar biological functions, and the function of one gene may be complemented by the other genes. If this is true, the effect of deleterious mutations or the so-called mutation load may be much reduced, and they may be expected to interact synergistically." If this were so, it would be difficult to account for the regularity of segregation of new mutations, or even of old ones. Nei also pointed out that the existence of repeated DNA sequences which vary greatly between closely related species (Walker, 1968) militates against his hypothesis. However, his conclusion that higher organisms may well be using only a small fraction of the total information stored in their DNA is important, since, for example, Britten and Davidson (1969) suggest a role for this kind of repeated DNA, yet their model, as noted earlier, does not fully explain other features of the possible evolution of duplication. Spofford (1969) has also shown that her postulated mechanism of advantage to duplications would operate in haploids, but without the possibility of polymorphism developing, and thus might well have been a most important factor in allowing rapid early evolution before the development of stable control of ploidy.
SUMMARY
The evolutionary consequences of duplications arising mainly by unique unequal crossing-over are considered, particularly with reference to rates of accumulation of duplications and the increased variability provided at meiosis by duplication.
